Multiferroic materials possessing at least two of the following orderings (ferro-/antiferromagnetic, ferro-/antiferroelectric, ferroelastic) have attracted many research interests recently due to their abundant physics and potential applications in advanced devices. 1, 2 However, multiferroic oxide perovskites are very rare due to that the magnetism and ferroelectricity have the mutual repulsive requirements on the d shell electronic configuration, with the former requiring d n with nonzero n and the latter, d 0 . 3 In a recent perspective, Scott suggested that more multiferroic materials might be discovered in ferroelectric compounds, which are neither perovskites nor oxides, e.g., fluorides. 4 Fluorides with tetragonal tungsten bronze (TTB) structure have been considered to be potential multiferroic materials. 4, 5 The ferroelectricity in TTB fluorides has been first reported in K 0.6 FeF 3 , which has been attributed to the orthorhombic distortion of the TTB cell. 5 Generally, the exchange interaction between the magnetic ions in TTB fluorides is antiferromagnetic (AFM). 6 Previously, the TTB fluorides were synthesized by solid state reaction at high temperatures of above 700 C, and sealed in mostly platinum tubes due to the strong corrosivity of fluorine. [5] [6] [7] [8] [9] In this paper, we report the low-temperature synthesis of K 0.5 FeF 3 at sintering temperature between 150 C and 400 C with the assistance of the crystal water, and the detailed studies on the magnetic properties.
Polycrystalline K 0.5 FeF 3 was prepared using appropriate amount of KF, FeF 2 , and FeF 3 Á3H 2 O. All the chemicals are analytical grade. The reagents were first mixed and grinded in the air. Then, the mixture was pressed into pellets and wrapped with a piece of copper foil. After that, they were put in a quartz tube and degassed at 150 C for 2 h in vacuum ($10 À1 Pa). Finally, the quartz tube was evacuated in vacuum ($10 À4 Pa) and sealed with high purity Ar with pressure of 5 Â 10 4 Pa. The sintering process was performed at various temperatures ranging from 150 C to 710 C for 24 h. The structure of samples was studied by X-ray diffraction (XRD, Rigaku Smartlab3) using a Cu Ka radiation and transmission electron microscope (TEM, FEI Tecnai G2). The magnetization was measured by PPMS-9 and SQUID-VSM (Quantum Design) from 5 K to 300 K. The M-H curves were measured with maximum field of 10 kOe. Figure 1 shows the experimental XRD patterns for samples synthesized at different temperature, and the standard patterns of K 0.5 FeF 3 (PDF# 24-0861) and KFeF 3 (PDF#72-0110). Preliminarily, we can partition the sintering temperatures into two regimes, namely, the low-temperature range (L) of 150 C-400 C, and high-temperature range (H) of 500 C-710 C. In regime L, the main phase of K 0.5 FeF 3 has already been generated even at the lowest sintering temperature of 150 C, 10 except for several small miscellaneous diffraction peaks. The mechanism has been confirmed to be due to the assistance of the crystal water in reagent FeF 3 Á3H 2 O. 10 In regime H, the results we got are quite different from other reports. 5, 8 Above the certain sintering temperature of 500 C, K 0.5 FeF 3 cannot be obtained by our method. Instead, KFeF 3 becomes the main phase, including some other impurity phases. We sealed FeF 3 in a quartz tube and sintered at 710 C. Only FeF 2 and some other impurities were left and no FeF 3 can be found. The transition of Fe 3þ to Fe 2þ at high temperature might account for the formation of KFeF 3 . XRD results suggest that the quality of the sample sintered at 230 C is the best; we select it for the following detailed structural and magnetic characterizations.
The TEM image shown in Fig. 2 (a) reveals the average particle size of about 20 nm, indicating the high surface-tovolume ratio. The small particle size is due to the low a)
Authors to whom correspondence should be addressed. sintering temperature, which will provide abundant surface. The high resolution TEM (HRTEM) image shown in Fig. 2(b) indicates the irregular shape of the particles. The high content of irregular surface of particles possibly makes the AFM exchange interaction in the bulk much complicated, leading to the sophisticated magnetic phenomena, such as spin glass (SG) behavior, diluted AFM behavior, etc. 11, 12 Figure 3(a) shows the zero field cooling (ZFC) and field cooling (FC) M-T curves, which were measured under 1000 Oe with increasing temperature from 5 K to 300 K and cooling field (H cool ) of 1000 Oe for FC curve. The ZFC magnetization bifurcates from the FC process at 137 K with peak position at 130 K. The Curie-Weiss law was used to fit the data of 1/M FC above 150 K, as indicated by the dashed line in the inset. The extrapolated Curie-Weiss temperature H is $À492 K, indicating the AFM structure. Thus, a paramagnetic to AFM transition takes place at the N eel temperature (T N ) of 130 K. T N is quite close to the reported ones of other TTB fluorides, such as K 0.6 FeFe 3 (122 K), 7 KMn 1Àx Co x FeF 6 (110 K-150 K), 9 etc. The relatively large value of jHj/T N > 3 indicates the frustrated magnetic behavior, which results from the competition among the AFM exchange interactions of magnetic ions at the triangle sites in the TTB structure. 13 When the sample is further cooled down to T SG -87 K, a second magnetic phase transition can be seen in the FC curve, with a sharp peak in the ZFC curve. This is a typical indication of the SG behavior at low temperature, [14] [15] [16] which was further confirmed by the dc magnetic relaxation measurement at 10 K. 10 The SG behavior has been often observed in the surface of AFM nanoparticles, such as SrMn 3 O 6Àd , 17 CuO, 18 etc. This can be attributed to the frozen uncompensated surface spins in the nanoparticles. 18 Interestingly, a cross point of FC and ZFC M-T curves can be seen at 53 K, below which the FC magnetization is smaller than the ZFC magnetization. Similar phenomenon has been observed in Sr 2 YbRuO 6 , which has been interpreted by the AFM interaction between the different ferromagnetic (FM) components. 19 M-H curve measured at 10 K (Fig. 3(b) ) with maximum field of 10 kOe after 1000 Oe field cooling shows not only the positive exchange bias field (H eb ), but also the negative vertical magnetization shift (M shift ). H eb is 308 Oe, which is defined as H eb ¼ (H c1 þ H c2 )/2, where H c1 and H c2 are the left and right coercive fields, respectively. M shift is À0.083 emu/g, which is defined as
where M þ and M À are the positive and negative remnant magnetization, respectively. 20 Such phenomenon was often observed in the AFM/SG core/shell system with negative H eb and positive M shift . 17, 18, [21] [22] [23] Positive H eb has been observed in the Fe-film/CoO-nanoparticle system, which has been interpreted by AFM exchange coupling between the FM layer and the SG layer. 24 Furthermore, negative M shift also indicates AFM interfacial coupling. Fig. 4(a) shows the temperature dependence of H c and H eb . Positive H eb was observed below 95 K (compensation temperature, T 0 , at which H eb changes sign) with maximum value of 531 Oe at 35 K. With further increasing temperature to the T N of 130 K, negative H eb was observed with maximum value of À229 Oe at 120 K. M shift shows the similar temperature dependence as that of H eb . However, H c can only be observed below 105 K with similar temperature dependence to that of H eb . The sign change of H eb with increasing temperature has also been observed in the FM/SG heterostructures, 26, 27 which is interpreted by the interaction between the FM spins, interface spins and SG bulk spins. Here, we adopt this idea and propose a model to explain the evolution of the exchange bias behavior, as indicated by the scheme in Fig. 4(b) . We neglect the induced paramagnetic moment of the AFM core above T N and SG shell above T SG . H eb and M shift display the similar trend with variation of temperature, indicating that H eb and M shift are closely correlated with each other and have the same origin. M shift has been ascribed to the pinned spins at the interface, 28 providing a microscopic torque on the neighboring spins. As a result, the magnetic hysteresis loop shifts horizontally, and H eb appears consequently. With decreasing temperature through T N , the interface spins between the AFM core and SG shell were aligned to the direction of H cool , and pinned by the AFM core. This is a normal exchange bias effect, leading to negative H eb and positive M shift . With further decreasing temperature through the T SG , the spins in the SG shell will be frozen, and aligned antiparallel to the direction of H cool due to the interfacial AFM coupling with the interface spins. Therefore, H eb gradually changes its sign from negative to positive through T 0 , which is very close to T SG . The frozen spins in SG shell at interface were pinned antiparallel to H cool , leading to negative M shift . With further decreasing temperature, more spins of the SG shell were forced to be aligned antiparallel to H cool , leading to the smaller FC magnetization than the ZFC magnetization below 53 K.
The signs of H eb and M shift can be changed not only by the temperature, but also by the magnitude of H cool in the FC process. We cooled the sample from temperature above the T N with different values of H cool to 10 K. As shown in Fig. 5 , the absolute values of H eb and M shift increase abruptly with increasing field to 1000 Oe, which can be understood by the alignment of the interface spins and the SG shell spins. The maximum absolute values of H eb and M shift might be achieved between 1000 Oe and 5000 Oe. With further increasing H cool , the absolute values of H eb and M shift both decrease with increasing H cool , and finally both signs were changed at H cool of about 48 kOe. This can be understood by the increase of the Zeeman energy of the spins in SG shell with increasing H cool , which overcomes the interfacial AFM coupling and more and more spins are aligned to the direction of H cool . As shown by the sketched model in the inset of Fig. 5 , with increasing the strength of H cool , the net spins in SG shell were aligned to be parallel to H cool , leading to negative H eb and positive M shift simultaneously.
In conclusion, K 0.5 FeF 3 have been fabricated by solid state reaction at low sintering temperature in the range between 150 C and 400 C with the assistance of crystal water during the grinding and sintering process. Unusual positive H E with negative M shift has been observed at 10 K. Furthermore, the FC magnetization is smaller than the ZFC magnetization at temperature below 53 K. The results have been explained by the AFM core/SG shell structure with AFM interfacial coupling between the interface spins and the SG shell spins. The sign of exchange bias field and magnetization shift can be reversed by increasing H cool , which has been attributed to the competition between the interfacial AFM coupling and the Zeeman energy of the magnetization of SG shell. 
